Schottky Collector Resonant Tunneling Diodes (SCRTDs) have potential for increased oscillator bandwidth, but may be prone to electron reflection at the semiconductor-metal interface of the Schottky collector. This reflection has been observed previously with in-situ MBE deposited collector metal, manifested as interference oscillations on the rising slope of the resonant current. This paper extends the room temperature results of that work to cover the 1.5 K → 300 K range, revealing valuable information on the semiconductormetal interface, scattering rates, scattering mechanisms, peak to valley ratios, electron distribution and electron transport. The SCRTD oscillation strength was found to depend on the above-barrier reflection coefficient of the col-1 lector metal, and the effect of scattering on virtual states confined by this reflection. Increased scattering degrades the oscillation strength as temperature is increased. The primary scattering mechanism was determined to be LO phonon emission, which had a related role in degrading the main peak to valley ratio through scattering in the RTD well. The number of oscillations was dependent on the emitter electron distribution, with thermally activated oscillations appearing at high temperature. Increasing temperature caused a voltage shift of the oscillations which followed the GaAs band gap temper- 
lector metal, and the effect of scattering on virtual states confined by this reflection. Increased scattering degrades the oscillation strength as temperature is increased. The primary scattering mechanism was determined to be LO phonon emission, which had a related role in degrading the main peak to valley ratio through scattering in the RTD well. The number of oscillations was dependent on the emitter electron distribution, with thermally activated oscillations appearing at high temperature. Increasing temperature caused a voltage shift of the oscillations which followed the GaAs band gap temper- 1 When an RTD is suitably biased in a tuned circuit, gain is provided by the device's Negative Differential Resistance (NDR), allowing sustained oscillation. In 1989 Brown et al. used a small signal RTD equivalent model to examine the role of intrinsic device parameters in determining f max , the frequency limit of gain. 2, 3 The equations presented predict a higher f max in designs with reduced parasitic impedances L, C and R s . The inductance L was said to be proportional to the well state lifetime, the limiting factor of switching speed. L is reduced by using thin barriers, allowing a simultaneous increase in conductance and oscillation power. Heavy emitter doping further increases supplied power. The emitter-collector capacitance C is reduced using an undoped spacer separating the collector and double barrier. Larger spacer widths give decreased capacitance, but lead to long electron transit times and decreased NDR through voltage-length scaling of the I-V characteristic. It is possible to avoid this trade-off by moving from traditional GaAs/AlAs RTDs to InAs/AlSb RTDs, 4 where the transit velocity is higher and the indium specific contact resistance is lower: the reduced series resistance R s gives a smaller time constant R s C. Another route to reduced time constant has been suggested by Konishi et al. 5 and Smith et al., 6 using a Schottky collector in place of the normal ohmic contact. The Schottky presents zero small signal impedance, allowing a large reduction in R s at the cost of increased device bias. Using an aluminium collector, a 17Å/45Å/17Å AlAs/GaAs/AlAs RTD and a 350Å spacer, they named the structure the Schottky Collector RTD (SCRTD).
Konishi et al. 5 mentioned the possibility of electron reflection at the aluminium interface, though their results gave no evidence for this. In contrast, Weckworth et al. 7 observed oscillations on the rising slope of the RTD current in a similar device, but with in-situ deposited aluminium. The oscillations were attributed to quantization in the collector spacer, caused by the finite above-barrier reflection coefficient of the Schottky barrier biased beyond flat band. The clarity of the effect is apparently related to the uniformity of the GaAs-Al interface, enhanced in Ref. 7 by the in-situ deposition. Reflection at epi-layer interfaces and the resulting interference has since been reported elsewhere in normal ohmic contacted thin barrier RTDs. 8 The results in this paper explore the effect of variable temperature on in-situ fabricated SCRTDs.
II. FABRICATION
Three wafers were grown on (100) GaAs substrates for this study. Wafers C763 and C767
were grown with 20Å/50Å/20Å AlAs/GaAs/AlAs structures in a VG V80H MBE machine, with undoped collector spacers of 550Å and 300Å respectively. The C(V) measured emitter doping levels were 2. At high temperature the inset of Fig. 2 shows 5 additional oscillations at low voltage.
These result from thermal smearing of the emitter electron distribution. A high energy tail of electrons activated above E fe extends the resonance to lower voltage, allowing observation of spacer states with lower quantum number. At low temperature these states cannot be probed, since they sweep past the well state before the onset of emitter→well tunneling.
The thermal smearing can be modelled using the coherent current formula from Ref. 13, modified to account for the rectifying Schottky barrier. For a device of area A, transmission probability T (E ⊥ ) and 3D emitter density of states, the device current is
is the emitter supply function. E ⊥ is the component of emitter electron energy perpendicular to the barriers. The temperature dependence of S(E ⊥ ) can easily be shown to reproduce the background of the C763 characteristics, using a fixed area δ-like transmission profile The transit time decreases to 57 fs at 2 V -a small change implying a near saturated velocity To clarify the effect of scattering, we first present data for the other two wafers. The temperature dependence of C767 is shown in Fig. 4 . Stabilizing resistors were not used, so the curves show a plateau in the NDR region, representing a DC average of unstable oscillation. The resonance width is smaller than C763's, partly due to the reduced emitter Fermi energy (82 meV at 1.5 K), but mostly due to the reduced spacer thickness, which causes the well state to move down in energy more quickly with bias. The thermal activation and band gap shift are again apparent, and the curves show fewer, more widely spaced oscillations, as expected from the confinement energies of the thinner spacer. The oscillations are much stronger in this device, suggesting either an enhanced aluminium reflection coefficient or reduced scattering. Interfacial contamination representing a real barrier for electrons impinging on the aluminium could dramatically enhance the reflection coefficient, but was not thought likely given the high-vacuum growth conditions. Since the growth conditions were identical for C763 and C767, we take this to imply that scattering in the spacer plays a major role in oscillation strength, with the decreased transit time of C767 leading to a reduced scattering probability. At 1.4 V the calculated C767 transit time is 36 fs, from which we infer a scattering time scale of the same order.
The two arrows in Fig. 4 point to post-resonant oscillations. Like the on-resonance oscillations, these probably result from real space electron transfer between 2D states, but they do not shift in voltage when a magnetic field is applied perpendicular to the current direction. This implies the transfer is inelastic. 8, 18 An obvious possibility here is LO phonon emission-assisted transfer from 2D emitter states to the post-resonant well state. An emitter accumulation layer is not thought to exist in this sample, however, given the high dopant density near the RTD and broad resonant peak, which indicates a 3D emitter density of states. If the oscillations were caused by phonon emission from an emitter accumulation layer, they would split in magnetic field applied parallel to the current direction, due to Landau level quantization. 19 No splitting was observed up to 9 T. Furthermore, in a separate experiment with a stabilizing resistor and 2.7 V bias range, many post-resonant oscillations were revealed. High order LO phonon processes are unlikely, and the features had the same voltage spacing as the on-resonance oscillations, implying spacer state involvement. The mechanism responsible is thought to involve an inelastic probing of the spacer density of states by states confined to the transverse X valleys of the second AlAs barrier. Having discussed each wafer, we now pinpoint the relevant scattering mechanisms. To do this we compare the temperature dependence of possible scattering mechanisms with experimental data. Considering first the well region, we discuss the PVR of the main resonance.
More specifically, we discuss its temperature dependence; in contrast to the argument of barrier transfer, the absolute value of the PVR is not important here. Using the model of Büttiker, 24 we consider the PVR to depend on scattering induced broadening of the well state, which, with temperature dependent scatter mechanisms, leads to a temperature dependent PVR. Thermally activated transport through the X valley of the first AlAs barrier leads to another source of temperature dependent post-resonant current, 20 but the energy of the X valley state is quite high, 25 and this mechanism does not contribute significantly to the temperature dependence of the valley current in these samples.
As mentioned earlier, electron-electron scattering and LO phonon scattering are likely to have time scales less than 5 ps, and with well lifetimes of 5 ps (C763,C767) and 200 ps (T203), are likely to occur in the well. In C763 and C767 electron-electron scattering can be discounted as the cause of the PVR temperature dependence, since the well electron distribution is hot, having insufficient time for acoustic phonon thermalization. The current continuity equation σ = jτ w /e (with current density j and well charge density σ) can be used with the 2D density of states D(E) = m * /πh 2 to show almost all in-plane well states are unoccupied, so the phase space available for electron-electron scattering is already large at low temperature, and does not require thermal smearing of the distribution to conform with the exclusion principle. The ∼ kT temperature enhancement of the phase space is relatively weak, and cannot explain the decrease in PVR. LO phonon scattering is a more likely explanation: when allowed by energy conservation, intra-subband LO phonon emission was determined to be the fastest scattering mechanism of all impurity, defect and phonon related processes considered in the quantum well of Ref. 26 ; this included inter-subband and inter-well processes.
To consider the effect of the energy conservation requirement, note that the onset of NDR is determined by the bias at which the well state aligns with the emitter conduction band edge. Electrons tunneling into the well at the resonant peak will therefore have a spread of in-plane energy matching the emitter energy distribution. The maximum in-plane energy of the distribution exceeds the GaAs LO phonon energy (hω LO = 36 meV) in C763 and C767
even at low temperature, where E fe is 91 meV and 82 meV respectively. As mentioned, the emitter energy distribution of T203 is complicated, but it probably also spans a range larger thanhω LO . With a scantly occupied or highly non-degenerate well, the energy conservation requirement for the occurrence of LO phonon emission at or beyond the current peak is satisfied.
Numerical calculation of the LO phonon scattering rate was made using formulae from
Ref. 27 , derived for the interaction of bulk GaAs phonons with a single electron confined in a quantum well. The limit of non-degeneracy was thus taken -a simplifying approximation which eliminates Fermi occupancy and screening factors. To further simplify matters, the in-plane electron energy was taken to behω LO , the emission threshold. The scattering rate was then given by
where γ = √ 2m * h ω LO is the electron wavevector and n B = (eh For a wide incident carrier distribution, the peak to valley ratio of the on and off-resonant current was shown to vary as ∼ 1/Γ. With a linewidth dominated by scattering induced broadening, one would therefore expect the PVR to be proportional to the scatter rate, using the uncertainty relation 1/Γ = τ /h. Applying that expectation in comparing Figs. 6a, 6b and 6c is by no means rigorous, since Büttiker's model was derived for a 1 dimensional conductor. Here the situation is complicated by our wide range of in-plane electron energies, and the dependence of the scatter rate on those energies. In addition, other scattering mechanisms contribute to the valley current -if not its temperature dependence, and cannot be easily factored out. In lieu of a mathematical comparison, we suggest that the form of the curves be compared. The similarity implies the PVR decreases as a result of LO phonon scattering in the well. This is in the most part emission, with the slight upward curve at high temperature in Fig. 6c resulting from the absorptive component of Eq. 2. One would expect these conclusions to hold for any RTD which satisfies the conservation requirement for LO phonon emission; namely one with large in-plane energies (heavy emitter doping) and sparsely occupied wells (thin barriers).
The arguments of Büttiker can be applied to the spacer states, by considering the onresonance oscillations to result from resonant transmission through the spacer, with electrons incident from a narrow probing well state. "On-resonance" then corresponds to alignment of the well state with a spacer state, and "off-resonance" corresponds to an off-alignment situation. The peak to valley ratio of an oscillation then gives a measure of spacer state broadening and hence scattering in the spacer. The oscillation PVR is easily defined for C767; the temperature dependence for the oscillation at ∼ 1.55 V is shown in Fig. 6d . At 1.5 K, the peak position of this oscillation is approximately 80 % of the way between the threshold and peak of the main resonance, predicting a tunneling energy ≈ 20 %×E fe = 0.2×82 meV ≈ 16 meV. This is sufficiently remote from the Fermi energy to be unaffected by thermal activation of the supply function. The in-plane energy at this bias ranges up to (82 − 16) meV = 66 meV, allowing LO phonon emission in the well. Note the spacer density of states has many broad peaks, and is not appropriate for application of Eq. 2. A bulk scattering formula 29 with electron energies > E 0 = 107 meV was found to give results much like those of the 2D formula however, so we conclude that the similarity between Figs. 6a and 6d implies oscillation strengths determined by LO phonon scattering in the spacer, in the most part emission.
IV. MODELING
We have modelled the characteristics of the SCRTDs using a phase coherent envelope The lifetime oscillates like a damped sinusoid about τ ≈ 5.4 ps. The damping results from a decreasing above barrier reflection coefficient, which can be shown using a plane wave approximation to vary monotonically as
where φ = eV s + E fc ≈ 12.4 eV is the potential drop into the aluminium. At high bias the reflection is negligible, and the lifetime settles down to the intrinsic double barrier value.
This is the value that would normally be used in calculation of device inductance L, for biases in the NDR region. The aluminium reflection should therefore have little effect on calculation of f max in this device.
The current calculated with Eq. (1) is displayed in Fig. 8 , comparing theory and experiment at 1.5 K. The peak heights were matched by increasing the electric field penetration of the emitter from zero to 18Å. This increased the peak height at the expense of resonance width (the well state dropped more quickly with bias, causing the device to go off resonance sooner). In spite of this the modelled resonance width is overly large -one would expect it to be narrower than experiment given the neglect of well charge. The neglect of scattering in the well leads to underestimation of valley current, while the neglect of scattering in the spacer leads to an overestimation of oscillation strength. The oscillation spacing, however, agrees fairly well.
Similar attempts at modeling the C767 low temperature characteristic dramatically un- 
